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We propose a radiatively induced quark and lepton mass model in the ﬁrst and second generation with 
extra U (1) gauge symmetry and vector-like fermions. Then we analyze the allowed regions which si-
multaneously satisfy the FCNCs for the quark sector, LFVs including μ–e conversion, the quark mass and 
mixing, and the lepton mass and mixing. Also we estimate the typical value for the (g − 2)μ in our 
model.
© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
Radiatively induced mass models are one of the promising can-
didates to include a dark matter (DM) candidate naturally, which 
connect the standard model (SM) fermions and DM. Along this line 
of idea, there exist a lot of papers, i.e., [1] at one-loop level, [2] at 
two-loop level, [3] at three-loop level, and [4] at four-loop level. 
However authors mainly focus on the neutrino sector, but not so 
many of them on the quark sector [5–14].
In this paper, we propose all the SM fermion masses are in-
duced at one-loop level except for the third generation, and the 
inert type of boson DM couples to all these fermions. The masses 
of third generation fermions are generated via the vacuum expec-
tation value (VEV) of SM Higgs ﬁeld to be consistent with SM 
Higgs properties observed by LHC experiments such as gluon fu-
sion cross section and h → bb¯(τ τ¯ ) branching fractions [15,16]. 
Furthermore it would be natural to require ﬁrst and second gen-
eration masses are generated at loop-level from the fermion mass 
hierarchy. Then we add extra local U(1) symmetry to restrict the 
Yukawa interaction associated with SM Higgs ﬁeld in anomaly free 
way. The vector-like fermions are also introduced to write rele-
vant one-loop diagrams for fermion mass generation. In our model, 
therefore, the light fermion masses are generated at the one-loop 
level induced by the Yukawa interactions among SM fermions, in-
ert scalar ﬁelds and vector-like fermions which are invariant under 
the new U(1). We note that all these Yukawa couplings cannot be 
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SCOAP3.so large to induce the relevant relic abundance of DM in our pa-
rameter choices, and the nature of DM is the same as the two 
Higgs doublet model with one inert SU (2)L doublet boson. In or-
der to reproduce the observed mixing matrices and masses for 
the lepton and quark sector, we have to take into account the ﬂa-
vor changing neutral currents (FCNCs) and lepton ﬂavor violations 
(LFVs) where mediated boson masses (including DM) are restricted 
by both the sectors. Also positive contributions to the anomalous 
magnetic moment are induced from the lepton sector via one-loop 
diagram in which the mediated bosons are included. Therefore, an 
economical scenario including the quark sector might be achieved 
in a sense.
This paper is organized as follows. In Sec. 2, we show our 
model, and establish the quark and lepton sector, and derive the 
analytical forms of FCNCs, LFVs, muon anomalous magnetic mo-
ment. In Sec. 3, we have a numerical analysis, and show some 
results. We conclude and discuss in Sec. 4.
2. Model setup
In this section, we show our model. As for the fermion sector, 
we introduce SU (2)L doublet exotic vector-like ﬁelds Q ′ ≡ [u′, d′]T
and L′ ≡ [N ′, E ′]T with two ﬂavors, where each of Q ′ and L′ has a 
triplet and a singlet under SU (3)C , and Z2 symmetry is imposed. 
Also we introduce two right-handed neutrinos ν iR (i = 1, 2), which 
constitute Dirac ﬁelds after the spontaneous electroweak symme-
try breaking that are the same as the other three sectors in SM. 
Then we impose an additional gauged U (1)R symmetry, where 
only the ﬁrst and second families with right-handed SM fermions 
and ν iR have non-zero charge x. Field contents and their assign-
ments are summarized in Table 1, in which i = 1, 2 and α = 1–3le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Field contents of fermions and their charge assignments under SU (2)L × U (1)Y × U (1)R × Z2, where each of the ﬂavor 
index is deﬁned as α ≡ 1–3 and i = 1, 2.
Quarks Leptons















SU (3)C 3 3 3 3 3 3 1 1 1 1 1
SU (2)L 2 1 1 1 1 2 2 1 1 1 2
U (1)Y 16
2
3 − 13 23 − 13 16 − 12 −1 0 −1 − 12
U (1)R 0 x −x 0 0 0 0 −x x 0 0
Z2 + + + + + − + + + + −Table 2
Boson sector.
VEV = 0 Inert
Bosons  ϕ η S
SU (2)L 2 1 2 1
U (1)Y 12 0
1
2 0
U (1)R 0 x x 0
Z2 + + − −
represent the number of family, and no index ﬁelds represent the 
third family. Notice here that we require the third generation cou-
ple to the SM-like Higgs directly for consistency with SM Higgs 
properties observed by the LHC experiments such as gluon fusion 
production cross section and branching fractions.
As for the boson sector, we add two SU (2)L singlets ϕ and S , 
and one SU (2)L doublet scalar η to the Higgs-like boson , where 
 and ϕ have the VEVs, symbolized by 〈〉 ≡ v/√2 and 〈ϕ〉 ≡
v ′/
√
2, that spontaneously break the electroweak and U (1)R sym-
metry respectively. On the other hand, S and η do not have VEVs 
that are assured by the Z2 symmetry. Field contents and their as-
signments are summarized in Table 2, where we assume S to be a 
real ﬁeld for simplicity.
Anomaly cancellation: The U (1)R gauge symmetry is anomaly 
free where the anomaly is canceled within each generation of 
fermions [17]. We then assign U (1)R charges to ﬁrst and second 
generation fermions but charges for third generation fermions are 
required to be zero. The triangle anomaly within one generation 
cancels as follows:








− x = 0, (2.1)








− x2 = 0, (2.2)




− x3 + x3 = 0, (2.3)
U (1)R : 3 (x− x) − x+ x = 0. (2.4)
Yukawa Lagrangian: Under these ﬁelds and symmetries, the 
renormalizable Lagrangians for quark and lepton sector are given 
by
−LQ = (yu)i j Q¯ ′i uR j (iσ2)η∗ + (yd)i j Q¯ ′i jηdR j + (yQ )α j Q¯αQ ′j S






−LL = (yν)i j L¯′iνR j (iσ2)η∗ + (y	)i j L¯′i jηeR j + (yL)α j L¯α L′j S






where σ2 is the Pauli matrix.






+ λϕ |ϕ|4 + λS S4 + λ||4 + λη|η|4 + λϕS |ϕ|2S2
+ λϕ|ϕ|2||2 + λϕη|ϕ|2|η|2 + λSS2||2
+ λSη S2|η|2 + λη||2|η|2 + λ′η|†η|2, (2.8)













, ϕ = v
′ + ϕR + iϕI√
2
, (2.9)
where w± , z, and ϕI are respectively absorbed by the longitudinal 
degrees of freedom of charged SM gauged boson W± , neutral SM 
gauged Z , and neutral U (1)R gauged boson Z ′ . After the sponta-



























where we deﬁne ca ≡ cosa, sa ≡ sina, Hi (i = 1, 2) is the mass 
eigenstate of the inert neutral boson, and hi (i = 1, 2) is the mass 
eigenstate of the neutral boson with VEVs. Here h2 is the SM-like 
Higgs and h1 is the additional Higgs boson (like a 750 GeV boson). 
All of the mass eigenvalues and mixings are written in terms of 
VEVs, and quartic couplings in the Higgs potential after inserting 
the tadpole conditions: ∂V /∂φ|v,v ′ = 0 and ∂V /∂ϕR |v,v ′ = 0.
Z’ boson: After U (1)R symmetry breaking by VEV of ϕ , we have 
massive Z ′ boson where the mass is mZ ′ = xgR v ′ (gR is gauge cou-
pling for U (1)R ). The Z ′ couples to right-handed SM fermions at 
tree level since ﬁrst and second generation right-handed fermions 









− d¯αR (VdR )†αk(VdR )kβγ μdβR
− e¯αR (VeR )†αk(VeR )kβγ μeβR
+ ν¯αR (VνR )†αk(VνR )kβγ μνβR
)
, (2.11)
where {α, β} = 1, 2, 3 and V fR are unitary matrices for diagonaliz-





(V fR )kβ are not unity in general since only ﬁrst and second 
fermions have U (1)R charge. Thus we have ﬂavor changing inter-
action in Z ′ exchange. Since Z ′ couples to both quarks and leptons 
the mass is strictly constrained by dilepton search at the LHC; 
mZ ′  3 TeV [18–20] if order of gR is the same as SM gauge cou-
pling. In this paper, we do not further discuss the Z ′ since it is 
not relevant for light fermion mass generation and mass of Z ′ is 
assumed to be suﬃciently heavy so that it does not affect ﬂavor 
constraints.
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In this subsection, we will analyze the quark sector. First of 
all, let us focus on the Yukawa sector, in which the measured 
SM quark masses and their mixings are induced.1 Up and down 
quark mass matrices are diagonalized by Mdiag.u = VuL MuVuR , and 
Mdiag.d = VdL MdVdR , where V ’s are unitary matrix to give their di-
agonalization matrices. Then CKM matrix is deﬁned by VCKM ≡
V †uL VdL , where it can be parametrized by three mixings with one 
phase as follows:
VCKM ≡ V †uL VdL
≡
⎡















where in the numerical analysis, we assume to take the following 



















The mass matrix in our form is written in terms of tree-level mass 
matrix and one-loop matrix as





















Flavor changing neutral currents: Now we discuss the constraints 
on the quark sector. The stringent constraints come from the ﬂavor 
changing neutral currents (FCNCs), which are called Q –Q¯ mixing 
and given in terms of the mass difference between a meson and 
an anti-meson. Here we symbolize these observables as mQ with 
Q = D, K , B . Then each of our formulae is given at box-type one-










1 An interesting idea to generate the quark masses and mixings has been dis-
cussed in Ref. [21] in the framework of supersymmetry. Here these mass spectra
and their mixings are induced through the renormalization equations, starting from 



















(MDQ 2)2ρσ ≡ (y′u)ρ2mQ ′ρ (y′Q )1ρ(y′Q )1σmQ ′σ (y′u)σ2,
(MDQ 4)2ρσ ≡ (y′u)ρ2mQ ′ρ (y′Q )1ρ(y′u)†1σmQ ′σ (y′Q )†σ2, (2.20)
(MKQ 2)2ρσ ≡ (y′d)ρ2mQ ′ρ (y′Q )1ρ(y′Q )1σmQ ′σ (y′d)σ2,
(MKQ 4)2ρσ ≡ (y′d)ρ2mQ ′ρ (y′Q )1ρ(y′d)†1σmQ ′σ (y′Q )†σ2, (2.21)
(MBQ 2)2ρσ ≡ (y′d)ρ3mQ ′ρ (y′Q )1ρ(y′Q )1σmQ ′σ (y′d)σ3,
(MBQ 4)2ρσ ≡ (y′d)ρ3mQ ′ρ (y′Q )1ρ(y′d)†1σmQ ′σ (y′Q )†σ3, (2.22)










































































(F1[H1] + F1[H2]) + c22R(F2[H1, H2] + F1[H2, H1])


































+ cm2a + (1− a − b − c)m2b
]2 , (2.28)
where the Yukawa couplings are deﬁned to be y′u(d) ≡ yu(d)V †u(d)R , 
y′Q ≡ VuL yQ , and assumed to be V L = V R in our analytical conve-
nience. Experimental and input values [24] are given by
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Summary of 	 j → 	αγ process and the lower bound of experimental data.
Process ( j,α) Experimental bounds (90% CL) References
μ− → e−γ (2,1) BR(μ → eγ ) < 4.2× 10−13 [25]
τ− → e−γ (3,1) Br(τ → eγ ) < 3.3× 10−8 [26]
τ− → μ−γ (3,2) BR(τ → μγ ) < 4.4× 10−8 [26]
μ → e conversion (2,1) R(T i) < 4.3× 10−12 →O(10−18)(future bound) [27] → [28,29]mu ≈ 2.3 [MeV], mc ≈ 1275 [MeV], mt ≈ 173.2 [GeV], (2.29)
md ≈ 4.8 [MeV], ms ≈ 95 [MeV], mt ≈ 4.18 [GeV], (2.30)
mD ≈ 1864.84 [MeV], mK ≈ 497.614 [MeV],
mB ≈ 5279.50 [MeV], (2.31)
f D ≈ 212 [MeV], f K ≈ 159.8 [MeV], f B ≈ 200 [MeV]. (2.32)
Finally the experimental upper bounds are respectively given 
by [24]
mD  6.25× 10−12 [MeV], (2.33)
mK  3.484× 10−12 [MeV], (2.34)
mB  3.356× 10−10 [MeV]. (2.35)
2.2. Lepton sector
In this subsection, we will discuss the lepton sector, where neu-
trinos are supposed to be Dirac neutrino. Thus the process to in-
duce the mass matrix in the lepton sector is the same as the quark 
sector except the third generation of the neutrino. So we just pro-
vide the deﬁnitions by changing u → ν , d → 	, VCKM → VMNS in 
the quark sector. Then the leptons mass matrix in our form is writ-
ten as




















Lepton ﬂavor violations: The lepton ﬂavor (LFVs) violation pro-
cesses give the constraints on our parameters. The most known 
process is 	 j → 	αγ , and its branching ratio is given by






where αem ≈ 1/137 is the ﬁne-structure constant, C j = (1, 1/5) for 
(i = μ, τ ), GF ≈ 1.17 × 10−5 GeV−2 is the Fermi constant, a jα is 
computed as









F	 j→	αγ (mH1 ,mL′k ) − F	 j→	αγ (mH2 ,mL′k )
]
, (2.40)
F	 j→	αγ (m1,m2) =





2(m2 −m2)3 . (2.41)1 2Muon anomalous magnetic moment (g − 2)μ: Through the same 
process from the above LVFs, there exists the contribution to 




This value can be tested by current experiments [30–32].
μ–e conversion: The μ–e conversion process can be found in 
the same diagram as the process of 	 j → 	αγ with γ line being 
attached to nucleons, where additional contribution is taken into 
account by replacing γ with Z boson. Then the μ–e conversion 
rate R is given by [33]








































x3m21 + (1− x3)m22 + x4(x3 + x4 − 1)m23
,
(2.46)
where V ≡ (γ , Z), and mγ = 0, and mZ ≈ 91.19 GeV, Cμe ≡
4α5em
Z4eff|F (q)|2m5μ
Z , Au ≡ − 12 − 43 s2tw , Ad ≡ − 12 + 23 s2tw , sin2 θw ≡
s2tw ≈ 0.23. The values of capt, Z , N , Zeff, and F (q) depend on 
the kind of nuclei. Here we focus on Titanium, because its sen-
sitivity will be improved by several orders of magnitude [28,29]
in near future compared to the current bound [27], as can be 
seen in the Table 3. In this case, these values are determined 
by capt = 2.59 × 106 sec−1, Z = 22, N = 26, Zeff = 17.6, and 
|F (−m2μ)| = 0.54 [34].2
3. Numerical analyses
Now that we have all the formulae for the quark and lepton 
sector, and we carry out numerical analysis to ﬁnd what kind of 
regions are allowed. Here we randomly select values of the ﬁfteen 
parameters within the corresponding ranges
mηI ∈ [250 GeV,500 GeV], mH1 ∈ [600 GeV,800 GeV],
mH2 ∈ [4 TeV,6 TeV],
2 Notice here that all the contributions discussed in Fig. 1 in this paper are negli-
gible in our model. Especially the box diagrams, which consist of two contributions, 
cancel each other, when running fermions in the loop are active neutrinos only, 
which are almost massless compared with W boson.
194 T. Nomura, H. Okada / Physics Letters B 761 (2016) 190–196Fig. 1. The left ﬁgure is the scattering plot in terms of mD and mK normalized by [MeV] × 1012, and the black solid lines represents the experimental upper bound. The 
right ﬁgure is the scattering plot in terms of aμ × 1012 and RT i × 1017.mQ ′1 ∈ [4.5 TeV,5 TeV], mQ ′2 ∈ [1.7 TeV,2.2 TeV], (3.1)
mL′1 ∈ [7 TeV,7.5 TeV], mL′2 ∈ [9 TeV,10 TeV], (3.2)
{(yu)12, (yu)22} ∈ [−1,1], (yu)11 ∈ [−0.1,0.1],
(yu)21 ∈ [−0.002,0.002],
{(yν)21, (yν)22} ∈ [−7× 10−12,7× 10−12],
(yν)11 ∈ [−3× 10−13,3× 10−13],
(yν)12 ∈ [−2× 10−13,2× 10−12], (3.3)
to reproduce quark masses, CKM mixings for the quark sector, and 
neutrino oscillation data and satisfy the constraints of LFVs for the 
lepton sector. In this analysis, we are preparing 10 million sample 
points. Notice here that the other Yukawa couplings such as yQ , 
yd , yL , y	 are numerically solved by using the best ﬁt values of the 
measurements in Ref. [35] for quark sector and Ref. [36] for lepton 
sector. Then we obtain the sets of Yukawa couplings where all we 
need to take care is not to exceed the perturbative limit that we 
take 
√
4π as upper limit. The sets of Yukawa couplings are applied 
to calculate mD , mK , aμ , 	 → 	′γ and μ–e conversion.
Numerical results: The numerical results are shown in Fig. 1. 
The left ﬁgure is the scattering plot in terms of mD and mK
normalized by [MeV] × 1012, and the black solid lines represents 
the experimental upper bound. Here we have found 734 allowed 
points, and the most stringent constraint comes from the process 
of μ → eγ . It tells us that our mK values are of the same order 
as current experimental constraint and some parameter sets are 
excluded. Similarly mD values can be comparable to the current 
experimental bound. Thus they can be tested in the near future. 
The right ﬁgure is the scattering plot in terms of aμ × 1012
and RT i × 1017. It tells us that the maximal value for (g − 2)μ
is around 5 × 10−12, which is lower than the current bound by 
three orders of magnitude. RT i is also much lower than the current 
bound, however it will be tested in the future experiment such as 
COMET [28,29], which will reach R ≈ 10−18 as shown in the pre-
vious section.
4. Conclusions and discussions
We have proposed a radiatively induced quark and lepton mass 
model in the ﬁrst and second generation, in which we have ana-
lyzed the allowed regions simultaneously to satisfy the FCNCs for 
the quark sector and LFVs including μ–e conversion in addition to 
the quark mass and mixing and the lepton mass and mixing. Also 
we have estimated the typical value for the (g − 2)μ .
Then we have found mK and mD can be of the same order 
as the current experimental bound where some parameter sets are 
excluded. Thus our model can be further tested in the near future. 
As for the lepton sector, we have found that the maximal value for (g − 2)μ is around 5 × 10−12, which is lower than the current 
bound by three orders of magnitude. RT i is also much lower than 
the current bound, however it will be tested in the future experi-
ment such as COMET, which will reach R ≈ 10−18.
We note that the Z ′ boson from U (1)R gauge symmetry has 
ﬂavor violating interaction due to our choice of charge assignment 
for SM fermions. Since Z ′ couples to both SM quarks and leptons 
these interactions could be tested in future LHC experiments. Par-
ticularly lepton ﬂavor violating signals pp → Z ′ → 		′ would be 
interesting signatures of the model. Detailed simulation of the sig-
nal is beyond the scope of this paper and we left it as a future 
work.
At the end of this paper, we mention the dark matter candidate. 
In our case (and our parametrization), ηI can be a dark matter
candidate, which is the imaginary component of the SU (2)L dou-
blet inert boson. The dominant annihilation processes are induced 
through the gauge interactions, since Yukawa couplings related to 
η, yν and y	 , are expected to be tiny. Thus its nature is the same 
as the two Higgs doublet model with one inert boson and seri-
ous analysis can be found in Refs. [38,39]. It can also be detected 
through the spin independent direct detection searches such as 
LUX [37], because it has two Higgs portal interactions with the 
nucleon. This situation might relax the experimental constraint 
compared to the one Higgs portal scenario, activating the cancella-
tion mechanism between two CP-even bosons [40].
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